Airborne in situ observations of molecules with a wide range of lifetimes (methane, nitrous oxide, reactive nitrogen, ozone, chlorinated halocarbons, and halon-121 1), used in a tropical tracer model, show that mid-latitude air is entrained into the tropical lower stratosphere within about 13.5 months; transport is faster in the reverse direction. Because exchange with the tropics is slower than global photochemical models generally assume, ozone at mid-latitudes appears to be more sensitive to elevated levels of industrial chlorine than is currently predicted. Nevertheless, about 45 percent of air in the tropical ascent region at 21 kilometers is of mid-latitude origin, implying that emissions from supersonic aircraft could reach the middle stratosphere.
concentrations of ozone and related species are sensitive to transport of air from the tropics (2) . Poleward transport from the tropics also disperses sulfate aerosols (3) that provide sites for heterogeneous chemistry, leading to reductions in midlatitude ozone associated with elevated levels of chlorine and bromine (4) . Recent work suggests a source for these aerosols near the tropical tropopause (5) , and major volcanic eruptions provide a large intermittent source (6) . Finally, the rate of mixing of mid-latitude air into the tropics is a key uncertainty in assessment of the impact of a proposed supersonic aircraft fleet on stratospheric ozone (7) .
We present in situ tracer measurements from the lower stratosphere and use them in conjunction with a tropical tracer model to quantify transport into and out of the tropics in the altitude range 16 to 21 km. Most global photochemical models represent stratospheric transport in two dimensions as rapid meridional mixing superimposed on a zonal-mean circulation with ascent of air in the tropics and descent at mid-and high latitudes (8). Typically, these models extend into the tropics the region where planetary waves break to rapidly mix air (9) . In this case, abundances of trace constituents with local photochemical lifetimes longer than -1 year assume common global distributions and are thus uniquely correlated with each other throughout the stratosphere (10, 11) . Mixing ratios of some long-lived constituents, however, exhibit different relations in the tropics than at mid-and high latitudes (12, 13) , which suggests that the region of rapid mixing does not penetrate into the tropics. This conclusion is consistent with satellite observations showing sharp meridional gradients in aerosol and tracer concentrations across the subtropics (6, 14) and a nearly unattenuated seasonal variation of tropical water vapor (15) .
The question remains of how effectively the tropical stratosphere is isolated (16) . Although model calculations based on meteorological winds have been used to quantify transport out of the tropics (17, 18) , their value in assessing exchange in the reverse direction appears to be severely limited by the quality of tropical wind data (18) . Tropical abundances of long-lived tracers, however, are sensitive to horizontal mixing (19) and indicate substantial entrainment of mid-latitude air into the tropics (20) . Our derivation of transport rates relies on simultaneous observations of a suite of tracers with contrasting sources and sinks, representing photochemical lifetimes that span more than two orders of magnitude.
Observations. Our measurements were obtained simultaneously from instruments on board the NASA ER-2 aircraft from March through November 1994 (21) . A new instrument, the airbome chromatograph for atmospheric trace species (ACATS-IV), measured CFC-1 1 (CC13F), (CCl2F2), CFC-1 13 (CC1F2CCI2F), CC14, CH3CC13, halon-121 1 (CBrClF2), and CH4 once every 3 min with instrumental uncertainties generally less than 3% (22 where X and Xmid are the mean tropical and mid-latitude mixing ratios; 0 is potential temperature used as a vertical coordinate (26); t is time; Q = dO/dt is the net diabatic heating rate, equivalent to vertical ascent rate (27); P is the photochemical production rate; T is the lifetime for photochemical loss; y = (3X/1t)/x is the long-term growth rate; and Tin is a time scale for import of mid-latitude air. The inverse of Tin is the entrainment rate into the tropics; that is, the fraction of air in a tropical air volume (at a fixed altitude) imported from midlatitudes per unit time interval. In principle, if chemical production, loss, growth, and the ascent rate are all known as functions of 0, the entrainment time rTin can be determined from observations of tracer mixing ratios in the tropics and mid-latitudes.
We obtained tropical ascent rates, Q, from two independent studies based on radiative transfer calculations and global meteorological and chemical data (28, 29 
which shows that the functional form of the tropical correlation Y(X) depends only on photochemical production and loss rates, growth rates, the mid-latitude profiles, and the entrainment time. Furthermore, correlation diagrams eliminate much of the scatter attributed to atmospheric fluctuations, because spatial and temporal variations for long-lived stratospheric tracers are correlated (39). Therefore, correlations provide a more reliable measure of atmospheric transport than do vertical mixing ratio profiles. Differences in the slopes of correlations observed at mid-latitudes and in the tropics provide a direct measure of exchange between the two regions. If isentropic mixing is fast as compared with photochemistry for two tracers throughout the mid-latitudes and the tropics, one tight correlation will exist for all latitudes, with a shape determined by the global photochemical sources and sinks of both species (11) . If mixing into the tropics is slow as compared with photochemistry for both species, the tropical mixing ratios will be influenced solely by local (tropical) photochemical sources and sinks. Two species with sufficiently different spatial distributions of sources and sinks will then exhibit a correlation in the tropics with a slope that is different from that at mid-latitudes (16) . Finally, if mixing is slow as compared with photochemistry for only one of the two species, the difference of the correlation slope in the tropics from the slope at mid-latitudes will be sensitive to the magnitude of mixing into the tropics.
As an example, for a given mixing ratio of N20, the shorter lived species show lower abundances in the tropics than at mid-latitudes because their loss processes are larger near -20 km (Fig. 2) . N20 is not destroyed until the air reaches higher altitudes (before descent back to low altitude in mid-latitude regions). Because the abundance of N20 in the tropics is sensitive to isentropic mixing, however, the tropical correlations do not match the correlations calculated with the assumption of unmixed ascent (unmixed correlations). (3, 6) and by transport analyses based on meteorological winds (17, 18) . Recent analysis (18) has shown that transport rates from the tropics to the northem hemisphere are about 8 to 10% (of tropical mass) per month at 18.5 and 21 km, which is in reasonable agreement with our result of a total detrainment rate to both hemispheres of 5 to 35% in this altitude range.
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As shown in Fig. 5B , -45% of air of extratropical origin accumulates in a tropical air parcel during its -8-month ascent from the tropopause to 21 km. This estimate assumes an entrainment time of 13.5 months and rapid homogenization of newly entrained air in the tropics. The result is insensitive to the altitude dependence of the entrainment rate but depends directly on the magnitude of the ascent velocity and thus has a large uncertainty (Fig. 5B) . Re (7) . Although estimation of the effects of human activity on ozone remains a task for multidimensional models of atmospheric transport and chemistry, our determination of the rates of transport and the fraction of mid-latitude air within the tropical ascent region constitutes an important test for the accuracy of such models. Most current twodimensional models do not reproduce steep meridional tracer gradients in the subtropics, such as that observed in the NOY/03 ratio (8, 13), which suggests that they generally overestimate the magnitude of mixing between the tropics and mid-latitudes (7). Restricting exchange with the tropical production regions of ozone would tend to enhance the relative influence of chemical sinks on ozone concentrations at mid-latitudes. More isolated tropical ascent would also imply more direct transport of tropospheric source gases to their tropical sink regions, accelerating the overall stratospheric release of inorganic halogens. Ozone at mid-latitudes might thus be expected to be more sensitive to chemical loss induced by elevated levels of industrial halocarbons and volcanic aerosols than many models currently predict. Tests with a particular two-dimensional model indeed show that greater reductions of mid-latitude ozone are calculated, improving agreement with observed trends, if mixing parameters are modified to simulate restricted exchange across the tropics (47). Realistic representation of dynamic coupling between the tropical source and mid-latitude sink regions of ozone may thus hold the key to understanding and reliable prediction of the response of the stratospheric ozone layer to a variety of anthropogenic as well as natural perturbations. 23, 209 (1996) . 38. This approach is pursued in (20 
